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Recent progress in the identification and determination of 
freshwater phytoplankton in the natural environment 
CHRISTIAN WILHELM AND CLAUDIA LOHMANN 
Institut für Allgemeine Botanik, Johannes Gutenberg-Universität Mainz, 55099 MAINZ, FRG 
The biomass of the phytoplankton and its composition is one of the most important factors in 
water quality control. Determination of the phytoplankton assemblage is usually done by 
microscopic analysis (Utermöhl's method). Quantitative estimations of the biovolume, by cell 
counting and cell size measurements, are time-consuming and normally are not done in routine 
water quality control. Several alternatives have been tried: computer-based image analysis, 
spectral fluorescence signatures, flow cytometry and pigment fingerprinting aided by high 
performance liquid chromatography (HPLC). The latter method is based on the fact that each 
major algal group of taxa contains a specific carotenoid which can be used for identification and 
relative quantification of the taxa in the total assemblage. This article gives a brief comparative 
introduction to the different techniques available and presents some recent results obtained by 
HPLC-based pigment fingerprinting, applied to three lakes of different trophic status. The 
results show that this technique yields reliable results from different lake types and is a 
powerful tool for studying the distribution pattern of the phytoplankton community in relation 
to water depth. However, some restrictions should be taken into account for the interpretation of 
routine data. 
Introduction 
Quantitative analysis of the phytoplankton is important in the water quality control of lakes, 
reservoirs and rivers. Eutrophication leads to increased phytoplankton productivity which has 
strong impacts on water quality, e.g. by toxic or irritant algal excretion products or by affecting 
the oxygen budget of the waterbody (Elser et al. 1990). Therefore, quantitative phytoplankton 
analysis is a sensitive instrument for monitoring changes in water quality at the biological level 
(Lund 1972; Gorham et al. 1974). Phytoplankton information is essentially needed to detect 
critical algal community structures, e.g. the increase of bloom-forming cyanobacteria or 
dinoflagellates, or to evaluate the success of lake sanitation measures (Cook 1993). Another 
important aspect of quantitative phytoplankton analysis is the better understanding of algal 
distribution as a function of water depth. Although phytoplankton cells are mostly heavier than 
water and tend to sink (Walsby & Reynolds 1980), they move by swimming and changing their 
density. As a consequence of this some algae can sink during the morning and float up again at 
night, which has been observed especially in the case of cyanobacteria (Fogg & Thake 1987). 
On the other hand, some diatoms are known to sink at a rather constant rate in a stratified layer. 
These algal movements have important effects on the food-chain, and also on lake sanitation 
measures. Technical mixing of lakes, with the aim of reducing primary production (Oskam 
1978), must take into consideration the fact that different capabilities of species to compensate 
for downward mixing will change the community structure, with the result that food-webs can 
be understood only if the vertical and horizontal distribution of the organisms is known in 
quantitative terms. This requires large data-sets which can not be acquired by the traditional 
cell-counting techniques. Therefore, the determination of vertical distribution and horizontal 
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patchiness of phytoplankton in a waterbody requires methods which allow measurements of 
many samples in a relatively short time. 
Recently, several new flow-cytometry devices have been developed to measure changes in 
phytoplankton community structure. Flow cytometry acquires data for the absorption, 
fluorescence and light-scattering features of single cells and therefore is applicable for cell 
counting and automated cell identification (Schafer et al. 1995). This technique has been used 
successfully to identify photosynthetic cells of bacterial size in the marine environment 
(Chrétriennot-Dinet et al. 1995). However, the identification of cells with similar shape, 
absorption and fluorescence behaviour is rather difficult and needs very large data-sets for 
single cell measurements (Dubelaar et al. 1994). Consequently, data acquisition is fast, but data 
analysis and interpretation are time-consuming, making it difficult to get representative data-sets 
(Dubelaar et al. 1994). Another approach is to analyse plankton communities by means of 
computerised image analysis (Arp & Ripl 1991); however, the method is more successful for 
zooplankton than for phytoplankton, especially if the cells are below 5 microns in diameter. 
Yentsch & Yentsch (1979) first applied spectroscopical methods to study phytoplankton 
populations, using spectral signatures of fluorescence excitation and emission spectra. This idea 
was further developed by Oldham et al. (1985), who tried to get spectral fingerprints from algae 
by means of Fourrier-transformed two-dimensional fluorescence spectra. Recently this approach 
has been applied to marine waters by Pryvkina et al. (1994). However, the data obtained do not 
quantify identified algal groups in relation to the total biomass. 
In the 1990s, pigment analysis by high performance liquid chromatography (HPLC) has been 
widely used for chlorophylls and pheopigments as a standard method for water quality control. 
In the USA this analysis is a standard procedure for measuring water quality norms (Anon. 
1989). With a few variations of the extraction procedures and chromatographic analysis used in 
normal water quality control, the method also can be used for marker xanthophyll analysis 
(Williams & Claustre 1991; Kraay et al. 1992; Wilhelm et al. 1995). As a step forward, it is 
rather easy to include both chlorophylls and xanthophylls to get quantitative information about 
the chlorophyll distribution in relation to the algal classes present. An open question, however, 
is the reliability of the results, in quantitative terms, for estimating the percentage contribution 
of the different algal groups related to total biomass measured as chlorophyll-a (chla). Recently 
we have proposed to base the quantitative estimations on the ratios of marker pigments to chla 
(Wilhelm et al. 1995). This assumption is based on the fact that the chosen pigments are bound 
in vivo to proteins in a defined stoichiometry. In this paper we have tested the hypothesis by 
applying the method to three lakes with different trophic status and hydrological properties. 
Material and Methods 
Sampling 
Water samples were taken with a Ruttner-sampler from three lakes at various water depths over 
a period of two years. 
Neunzehnhain is an oligotrophic barrage (since 1908) in the middle of mountainous ore 
country (Erzgebirge, Sachsen, FRG). It is oligotrophic because 90% of the catchment area is 
forest and the ground (Gneis, Glimmerschiefer) has a very low buffer capacity, so the surface 
water tends to be acidic and ionically poor. Water samples from Neunzehnhain were taken at 
depths of 1, 5, 10, 15 and 20 metres. 
Carwitzer Becken is a mesotrophic lake and one of the Luzin lakes, which are located in the 
plains of north-east Germany (Mecklenburg-Vorpommern, FRG). These are hardwater lakes 
with natural calcite precipitation. Samples were taken from depths of 1, 5 or 7 and 10 or 11 
metres, depending on the position of the thermocline. 
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The eutrophic barrage Dröda and its hypereutrophic pre-basins, Ramoldsreuth and 
Bobeneukirchen, were also sampled. Since 1972, Dröda has been used as a drinking-water 
reservoir; it is located in south-east Germany (Saxonia, FRG) near the border with the CSSR. 
Results presented in this paper are from the hypereutrophic pre-basin Ramoldsreuth, sampled at 
a depth of 1 metre. 
Filtration and sample storage 
Water samples were mildly filtered under low pressure using an irregular glass-fibre net filter 
(50 mm diameter) which retains particles larger than 1 μm during fluid filtration (Schleider and 
Schuell, Dassel, FRG). The filters were frozen in liquid nitrogen and stored at -70°C until 
measurement. 
Pigment preparation and HPLC-analysis 
Before pigment preparation the filters were freeze dried. The dry filters were homogenised (for 
20 s) by a cell homogeniser (Braun, Melsungen, FRG) under dry ice cooling with 1.5 cm of 
glass beads (0.25 to 0.30 mm and 1.00 to 1.05 mm in diameter, ratio 1:3) in a volume of 2 ml, 
or maximal 8 ml, 90% 0.2 M ammonium acetate methanol and 10% ethyl acetate (4°C), 
depending on the chlorophyll content. The removal of water by freeze drying is necessary to 
prevent dilution of the extraction medium by the water content of the filter, otherwise variation 
in this water content will make the extraction conditions non-reproducible and estimation of the 
absolute amount of chlorophyll becomes erroneous. The pigment preparation, HPLC 
configuration and chromatographic conditions were the same as reported previously (Kraay et 
al. 1992; Wilhelm et al. 1995). Before integration the peaks used for pigment quantification 
were checked for spectral purity. Quantitative chromatogram analysis was based on calibration 
lines from purified pigments in defined concentrations and yielded the absolute amount of 
specific xanthophylls and chlorophylls, including their degradation products (especially 
chlorophyllidae and pheophytin and pheophorbides) when detectable. Since the extraction and 
injection volumes are known, from the integrated area of the chla peaks its absolute amount in 
the sample can be calculated. Therefore the HPLC-based pigment analysis can be used as a 
direct method to estimate chla. 
Calculations of the percentage contribution of each algal group to total chlorophyll-a were 
carried out, based on the assumption of defined ratios of biomarker pigments per chla as 
previously reported (Kraay et al. 1992). The following xanthophylls were used for the 
estimations: peridinin (Dinophyceae), leutein (Chlorophyta), alloxanthin (Cryptophyceae), 
zeaxanthin (Cyanophyceae) and fucoxanthin (Bacillariophyceae, Chrysophyceae). Theoretical 
considerations for estimating the percentage contributions of different algal groups are 
described in detail by Wilhelm et al. (1995). 
Results 
Examples from lakes of differing trophic status 
Figure 1 gives the annual variation in total chla and percentage contributions of the major algal 
groups to this biomass parameter in the hypereutrophic barrage Ramoldsreuth, from March 
1994 to September 1995. Two chlorophyll maxima were observed, one in May 1994 with a 
concentration of ca. 70 μg chla l-1 and a second in late September 1994, reaching a 
concentration of ca. 160 μg chla l-1. The peak in spring was due to diatoms which contributed 
ca. 70% to total chla, whereas the maximum in autumn was formed by a bloom of 
cyanobacteria. The summer phytoplankton was predominantly cryptoflagellates, with a short 
interim period of green algae in late August. In 1995 the phytoplankton population did not reach 
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Figure 1. Phytoplankton dynamics in the surface water of the hypereutrophic pre-barrage Ramoldsreuth 
(Schsen, FRG) during 1994 and 1995, given as percentage contributions of the major algal groups to total 
chlorophyll-a (μg l-1) at a depth of 1 m. The bars show the proportions of algae present on twenty-two 
sampling dates, from 8 March 1994 to 5 September 1995, estimated by HPLC pigment analysis. The 
solid line shows the amounts of chlorophyll-a (μg l-1) obtained by direct measurement. 
densities as high as those in 1994, and was mainly composed of diatoms in spring, and a mixed 
population of green algae, cryptoflagellates and cyanobacteria in summer and autumn. The 
time-course of the phytoplankton assemblage shows very rapid changes during 1994, which can 
be monitored only by intensive sampling at short intervals of time. In waterbodies characterised 
by such fast changes in phytoplankton composition, the HPLC method seems to be well suited 
for documenting the dynamics of change. 
Figure 2 shows the results obtained when the HPLC method is applied to a mesoeutrophic 
waterbody. Carwitzer Becken has an average chlorophyll concentration of ca. 3 to 5 μg chla l-1 
during spring and summer, rising to ca. 8 μg chla l-1 in autumn. In contrast to Ramoldsreuth, 
the phytoplankton composition of Carwitzer Becken is rather stable, with a clear predominance 
of cyanobacteria and diatoms, especially in early spring. The appearance of dinoflagellates in 
late summer is typical for this type of water and is well documented by the method used here, 
although the percentage contribution of these algae to total chla is only a few percent. 
Figure 3 shows that the HPLC fingerprinting method is also applicable to extreme 
oligotrophic waters, as found in Lake Neunzehnhain. In spring the chlorophyll concentration is 
below 1 μg chla l-1; nevertheless it is possible to identify the presence of cyanobacteria, 
chlorophytes, dinoflagellates, diatoms and cryptoflagellates. For example, the method is 
sensitive enough to detect cryptoflagellates containing only 0.08 μg chla l-1. 
In Figure 4 we have documented depth profiles for Neunzehnhain on two different occasions. 
On 26 May 1994 we observed an increasing amount of diatoms and dinoflagellates at lower 
Figure 3. Phytoplankton dynamics in the surface water of the oligotrophic barrage Neunzehnhain 
(Sachsen, FRG) during 1994, given as percentage contributions of the major algal groups to total 
chlorophyll-a (μg l-1) at a depth of 1 m. The bars show the proportions of algae present on seven 
sampling dates, from 24 March to 15 September 1994, estimated by HPLC pigment analysis. The solid 
line shows the amounts of chlorophyll-a (μg l-1) obtained by direct measurement. Symbols as in Fig. 1. 
Figure 2. Phytoplankton dynamics in the surface water of the mesoeutrophic Lake Carwitzer Becken 
(Mecklenburg-Vorpommer, FRG) during 1994, given as percentage contributions of the major algal 
groups to total chlorophyll-a (μg l-1) at a depth of 1 m. The bars show the proportions of algae present 
on fourteen sampling dates, from 7 March to 20 October 1994, estimated by HPLC pigment analysis. The 
solid line shows the amounts of chlorophyll-a (μg l-1) obtained by direct measurement. Symbols as in 
Fig. 1. 
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Figure 4. Phytoplankton dynamics at five depths (1, 5, 10, 15 and 25 m) in Neunzehnhain on 26 May and 
23 June 1994, given as percentage contributions of the major algal groups to total chlorophyll-a (μg l-1) 
at a depth of 1 m. The bars show the proportions of algae present at different depths, estimated by HPLC 
pigment analysis. The solid line shows the amounts of chlorophyll-a (μg l-1) obtained by direct 
measurement. 
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depths, concomitant with a downward reduction in blue-green algae. On 23 June 1994, however, 
a nearly equal distribution of phytoplankton composition was analysed at all depths. This depth 
profile was measured although the chlorophyll content was mainly below 2 μg chla l-1. 
Comparison of theoretical (estimated) chlorophyll with direct measurements 
The quantitative estimations made here are based on the assumption that the group-specific 
xanthophylls are bound to chla in a defined stoichiometric ratio. These xanthophyll/chlorophyll 
ratios were measured under different growth conditions (Wilhelm & Manns 1991). Measuring 
the absolute amount of marker xanthophyll, it is possible to calculate the theoretical amount of 
chla which should be present in the sample on the basis of the assumed xanthophyll/chla ratio. 
This theoretical chla can be compared with the absolute amount of chla found in the sample by 
direct measurement. Figure 5a shows that in the case of Carwitzer Becken on 23 February 1995 
there is almost perfect agreement. However, for surface water on 6 July the (estimated) 
theoretical concentration of chla was three times higher than the concentration determined by 
direct measurement, whereas this discrepancy is not observed in a sample from 10 m depth 
(Fig. 5b). In September 1995, there is again some discrepancy between theoretical and direct 
estimates of chlorophyll in the surface water, but there is better agreement at 10 m depth. The 
reasons for the discrepancies will be discussed in detail later. 
Figure 6 compares the results of the phytoplankton distribution obtained with the HPLC 
fingerprinting method and microscopic analysis based on cell counts and cell size. Comparing 
results from the water surface of Carwitzer Becken, a well-coordinated change in biovolume 
and chla was observed. The agreement between these two indicators of biomass was observed 
in many instances (data not shown), but not in all. The reasons are discussed below. In early 
spring, both methods recorded the predominance of diatoms, although this is more pronounced 
from counting cells than estimates made by the HPLC method. In April and May both 
techniques detected a bloom of cyanobacteria, accounting for 71% of total biovolume 
independently if based on biovolume or chlorophyll as a reference. With the HPLC method, the 
contribution of green algae and cryptoflagellates was a little higher than when measured by cell 
counts. This may be due to problems of identification for small cells fixed by Lugol's solution. 
On the other hand, the presence of Chrysophyceae is detected only by means of the light 
microscope, because the HPLC method is unable to differentiate between diatoms and 
chrysophytes. Therefore, on 11 May 1995 the fucoxanthin-containing fraction of algae does not 
represent diatoms, but represents Chrysophyceae. Apart from these minor differences, both 
methods describe very similar dynamic changes in the phytoplankton assemblages that were 
analysed. 
Discussion 
The present results show that the HPLC method works well, independent of the trophic state of 
the water or on sampling depth. It can be used routinely because analyses can be done very 
quickly and thus a high sampling rate is possible. Cell counting and cell size measurements can 
be very difficult and time-consuming when the phytoplankton is mainly composed of very small 
cells, which is well known from marine and freshwater ecosystems (Weisse 1993). Under these 
conditions the phytoplankton assemblages can be determined much better by pigment analysis 
than by microscopy. Even the flow-cytometry technique can not solve this problem completely, 
because it is difficult to differentiate between cells of similar shape and spectral features like 
diatoms and coccoid dinophytes (Dubelaar et al. 1994). 
As shown in Figure 5, our method for calculating the percentage contribution of the major 
algal groups via pigment ratios has some advantages. The validity of the assumptions made can 
be assessed easily in each analysis by comparing values for theoretical chla with the measured 
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Figure 5. Phytoplankton distribution at three depths (0, 5, and 10 m) in Lake Carwitzer Becken on 23 
February, 6 July and 26 September 1995, given as percentage contributions of the major algal groups to 
total chlorophyll-a (μg l-1), calculated from the measured amount of marker xanthophyll (see Materials 
and methods section). The solid line shows the amounts of chlorophyll-a (μg l-1) obtained by direct 
measurement. 
Identification and determination of freshwater phytoplankton 89 
Figure 6. Phytoplankton dynamics in the surface water (1 m depth) of Carwitzer Becken on five sampling 
dates in 1995. Above: the percentage contributions of the major algal groups to theoretical chlorophyll-a 
(μg l-1), estimated by HPLC pigment analysis. The solid line shows the amounts of chlorophyll-a (μg 
l-1) obtained by direct measurement. Below: the percentage contributions to total biovolume (solid line, 
mm3 l-1) obtained by the Utermöhl technique. 
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amount of chla. In some cases both values agree, especially during phytoplankton maxima in 
spring and autumn. In other cases there were large discrepancies, mainly in samples from 
summer or when phytoplankton was dominated by cyanobacteria. This can be explained, either 
by the hypothesis that the xanthophyll/chla ratios in the natural environment are much more 
variable than we suppose, or by the assumption that the xanthophylls are significantly more 
stable than chlorophylls when the cells degrade. At the moment we can not exclude either of 
these hypotheses, but we know that in cyanobacteria the marker pigment zeaxanthin is very 
variable in relation to chla, depending on species and growth conditions (Hertzberg et al. 1971; 
Kana & Gilbert 1987; Kana et al. 1988). Zeaxanthin is the only marker pigment which is not 
organised in the light-harvesting complex that is known to bind pigments in definite amounts. 
Therefore, the ratio of zeaxanthin/chla is probably more variable than in the case of other 
xanthophyll/chla ratios. According to the second hypothesis, if the xanthophylls in degrading 
cells are more stable than chla, which is well known from the yellowing of leaves in higher 
plants, the observed discrepancies between theoretical and measured chlorophyll concentrations 
could include information about the physiological status of the phytoplankton assemblage being 
analysed. Both hypotheses will need to be tested in future to make full use of the information 
obtained by this quantitative method for the purposes of water quality control. 
This article shows that, in Carwitzer Becken, both the HPLC method and the Utermohl 
technique produce similar results with minor differences. These differences are to be expected, 
because both techniques use different parameters for phytoplankton identification and biomass 
equivalents. Discrepancies between the results may be caused either by the fact that pigment 
analysis can not resolve as many groups as are found with the microscopic technique, or by 
problems in microscopic identification and quantification of small cells. In a similar study 
Tester et al. (1995) found a statistically significant correlation between taxon-specific pigment 
concentrations and biomass, expressed as cell numbers. However, if the phytoplankton 
community alters from one predominantly containing chlorophyll-rich small green algae or 
cyanobacteria, to one containing very large and less-pigmented diatoms or dinoflagellates, 
biovolume and chla will not be related linearly (Reynolds 1994). The two biomass parameters 
will also disagree when a phytoplankton bloom of large armoured cells, like Dinophyceae, 
become physiologically inactive due to sinking or nutrient limitation, which leads to bleaching 
of cells without any effect on cell volume (Wilhelm et al. 1991). Therefore, a combination of 
different methods to estimate the contribution of the major algal classes to total biomass can 
open new insights into the physiological dynamics of the phytoplankton community. This 
information can be very helpful for monitoring rapid changes of primary producers in a lake 
during sanitation measures. However, under routine conditions of water quality control, the 
results of pigment analysis could be sufficient to provide information about the phytoplankton 
in a given waterbody, if users take into consideration the limitations mentioned here. 
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